In this paper we present numerical and experimental results of propagation and polarization properties of the photonic liquid crystal fibers (PLCFs) 
Introduction
Anisotropic optical fibers that exhibit particular polarization properties have been extensively investigated for over the last two decades [1, 2] including also fibers with liquid crystal cores [3] . Recently, there has been a great interest in photonic crystals fibers and particularly in more advanced micro-structures known as photonic liquid crystal fibers [4] [5] [6] . The PLCF consisting of a PCF filled with a LC benefits from a combination of a passive PCF host structure and an "active" LC guest material and are responsible for diversity of new and uncommon properties including also particular polarization properties [7] .
In the past decade, photonic crystal fibers have appeared as the subject of the numerous scientific investigations [8] [9] [10] . This new class of optical fibers is typically composed of a large number of air holes placed in the silica cladding. The change of both location and the size of these air holes allows for designing and creating optical fibers with required properties and for particular applications. Recently, special attention has been devoted to the possibility of infiltration of the air holes with new materials. In this way, the light interaction with such materials as liquid crystals, polymers, water, glycerin, oils and other fluids allows us to obtain tunable PCF devices [11] . In particular, a difference between core and cladding refractive indices can be modified by the external factors such as temperature, electric, magnetic or optical field [6] . This fact leads to the possibility of the bandgap tuning [4] as well as of the switching between two different waveguiding mechanisms governed by total internal reflection (TIR) and photonic band gap (PBG) [7] .
The infiltrated PCFs enable new applications in the area of the temperature and electrical controlled sensing, as well as in the all-optical information processing.
The main goal of this work is to demonstrate large changes in birefringence operating in the single mode regime. This issue is of the highest importance for numerous potential applications in all-fiber telecommunication devices and components.
Modal analysis of photonic crystal fibers
In the work we used our software (vectorial mode solver) in which the full-vector wave equation for two transverse components E x and E y of the propagating electromagnetic field are given in the following form [12] 
where b is the propagation constant and 
Opto-Electron. Rev., 15, no. Equation (1) is a full-vector eigenvalue equation which describes the modes that propagate in the analyzed structure. A finite-difference technique was used for discretization of the eigenvalue equation. In this way, the partial-differential equation can be translated into any of the equivalent matrix eigenvalue equation which was solved by implementing the Matlab library.
A cross section schematic representation and the scheme of the analyzed structure based on the commercially available highly birefringent (HB) photonic crystal fiber fabricated by Blazephotonics (UK) is shown in Fig. 1 . The geometrical properties of the HB PCF are as follows, pitch (spacing between adjusted holes) L = 4.4 ìm, the large hole diameter d H = 4.5 ìm, the small hole diameter d = 2.2 ìm, and the diameter of the holey region D = 40 ìm.
In the numerical simulations, the grid period was taken as 0.1 µm in both x and y directions within the calculating window of the size of 48.4×48.4 µm covering the whole holey region. The value of the refractive index of the glass cladding was taken as 1.4442 at the wavelength 1550 nm.
Any change in the value of refractive index of a nematic liquid crystal (NLC) within the large holes allows for significant changes in the modal field and therefore also in the optical properties of the fiber. In our previous work [7] , we have observed mostly planar LC molecular alignment within the holes. Hence, in numerical simulations we assumed homogenous refractive index distribution in the infiltrated holes. As it is shown in Fig. 2 , by increasing the value of refractive index in the region of the large holes the transition from the single to the double core (when the refractive index of NLC is above the refractive index of silica glass) propagation is possible.
Assuming the value of the NLC refractive index within the holes in the range 1.42-1.47, we have numerically calculated the effective refractive indices n eff of the modes propagating in the PLCF. The effective refractive index denotes the refractive index of the light "seen" by a selected fiber mode propagating in the PLCF. Each fiber mode has its own n eff that directly connected with the mode propagation constant â = kn eff (k is the wave number). The results demonstrate that the effective refractive index of the fundamental mode LP 01 increases with the refractive index of the holes from 1.4355 to 1.45 whereas the refractive index of the NLC is larger than that of the fused silica of the core (Fig. 3.) . It means that transition from the single n eff = 1.43548 to double-core n eff = 1.45 propagation occurs and higher-modes propagation is possible. For 1550 LC refractive index range in the PLCF, the propagation of two higher order modes (LP 02 and LP 11 ) was obtained.
Moreover, birefringence depends on the refractive index of the holes infiltrated with LC. Changes in birefringence as a function of the refractive index in the large holes for the fundamental mode are shown in Fig. 4 . Numerical results suggest that birefringence of the HB PLCF is either positive or negative contrary to the behaviour of the HB PCF (without LC inclusions). Additionally, in the case of double-core propagation, the birefringence of the fundamental mode reaches the zero value. 
Materials
As a guest material we used prototype low-birefringence nematic LC mixture cat. no. 1550, manufactured at the Military University of Technology in Warsaw. The 1550 liquid crystalline mixture (n o = 1.444, n e = 1.482 at 22°C, l = 1550 nm) was composed of alkyl 4-trans-(4-trans-alkylcyclohexyl) cyclohexylcarbonates. They were synthesized according to the route shown in Fig. 5 presented in details elsewhere [13] . Their optical properties were described in Ref.
14.
Temperature dependence of refractive indices of the 1550 nematic LC (Fig. 6) shows that there is a specific temperature region of the nematic phase (close to 21°C, at 1550 nm) in which its ordinary refractive index is below the refractive index of the fused silica n silica = 1.4442 (at l = 1550 nm) while its extraordinary index is still higher than n silica .
Results and discussion

Single-and two-core propagation
Numerical simulation results suggest that if the refractive index of the LC infiltrating the PCF holes increases over the refractive index of the fused silica, two-core propagation is possible (Fig. 2) . As it has already been explained, we have observed predominant planar LC molecular alignment within the holes. It means that only changes of the ordinary refractive index of the LC mixture affect modal structure of the propagating e-m field. In the unfilled PCF, the mode is located in the fused-silica core of the fiber [ Fig.  7(a) ], but after infiltrating larger holes with the 1550 LC mixture the shape of the propagating field confined in the core was changed. If the refractive index in the holes is equal or higher than the refractive index of the fused silica (temperature below 40°C), the propagating field distributed between the fused silica solid core and two liquid crystal cores [ Fig. 7(b) ] was obtained. For the temperatures above 40°C, propagation in the infiltrated holes disappears (refractive index in the holes is lower than the refractive index of the fused silica) and in consequence, the mode is again located mainly in the solid core. Hence, we obtain switching between single-core and two-core propagation.
A few mode propagation area
The differential group delay (DGD) defined as a difference in the velocities between two orthogonal modes of the fundamental mode is calculated by counting the maxima of the light intensity after analyzer as a function of the wavelength and by averaging the period of variations. The single period Dl, corresponds to a 2p phase shift between two polarization modes. The phase difference between two polarOpto-Electron. Rev., 15, no. ization modes through the test section of a fiber of the length L, needs to be evaluated [15] 
The group birefringence is the difference in the group indices for two polarization modes. It contributes to the polarization mode dispersion (PMD) of the fiber. Relationship between the group birefringence and the wavelength is as follows
However, in the PLCF, variations of the Stokes parameters are much more complicated. Its race visualized on the Poincare sphere is different in comparison with a trace of the PANDA fiber, a "classical" HB fiber.
This fact causes that the DGD calculation method does not give correct results. To analyze Stokes parameters as a function of the wavelength (Figs. 8 and 9 ) and to calculate the period of variations, it is necessary to use the Fourier transform. This allows us to find harmonic components in the DGD signal. The calculation results are shown in Fig. 9 as a function of temperature (effective refractive index).
Three maxima shown in Fig. 10 
Birefringence
Precise measurements of DGD between polarization modes LP 01 x and LP 01 y clearly demonstrate that birefringence of the fundamental LP 01 mode decreases to the negative value of the birefringence (Fig. 11) . This result is in accordance with numerical calculations performed for the 1550 LC mixture.
Conclusions
Our experimental results fully confirm numerical simulations. By using the 1550 LC mixture we have observed temperature-induced changes in DGD, switching between fundamental and higher order mode propagation and also switching between single-core and two-core propagation in the PLCF. These preliminary results hold great potential for both fiber-optic sensing and in-fiber polarization mode dispersion control and compensation.
